INTRODUCTION
The amount of substances which are present in the natural environment and cause its degradation increases. This is a consequence of such factors as agricultural activities aimed at increasing crop yields and using large doses of mineral fertilisers and pesticides (Gorlach and Gambuś 2000 , Węglarzyk 2014 , Kacálková et al. 2014 . A particular threat is posed by increasing amounts of heavy metals which are not biodegraded and which can remain in ecosystems for many years (KabataPendias 2011). Many heavy metals play important functions in plant metabolism (Zn, Cu, Mo, Ni, Fe) . For life processes to run properly, their amounts in the cells of organisms must be kept at safe levels. Increased amounts of heavy metals can be toxic. The physiological boundary between the states of deficiency and toxicity is thin (Olko 2009 ). It is important for plant nutrition and, consequently, for food safety, to determine the content of the metals in those compound-fractions of soil which can be directly absorbed by plants (bioabsorbable, bioavailable) (Jaremko and Kalembasa 2011 , Kuziemska and Kalembasa 2013 , Hülya et al. 2013 . The amounts of metals in the different fractions do not depend only on their total content, but also on the environmental conditions -natural amounts in the bedrock, particle size distribution, pH of the soil solution, organic matter content, redox potential, system of cultivation (Weng et al. 2004 , Campel et al. 2006 , Nieminen et al. 2007 ). Bioavailability of heavy metals for plants can be reduced by liming or by introducing organic matter into the soil (Wyszkowski et al. 2016) .
Nickel is one of those metals whose content in the natural environment is increasing steadily. It is a micronutrient necessary for plant growth and development (Eisler et al. 2000 , Kuziemska 2009 , Molas 2000 , Koszelnik and Bielecki 2013 , but in larger amounts it can be toxic to organisms, including plants and microorganisms in soil (Kabata-Pendias and Pendias 1999).
The metal non-specifically activates some of the enzymes of the citric acid cycle and it stimulates many stages of nitrate metabolism (Dickson at al. 1975) . It takes part in nitrogen transport from roots to the aboveground plant parts and it affects the process of reduction of molecular nitrogen from the air (Spiak 1995 , Jasiewicz et al. 2010 It binds with porphyrin compounds and chlorophyll, in which it replaces iron and magnesium (Zasadowski and Spodniewska 1995) . One of the methods to reduce the amount of nickel in the soil is phytoremediation (Antonkiewicz et al. 2016, Korzeniowska and Stanislawska-Glubiak 2018) .
The aim of the study was to determine the limit of toxicity of nickel to orchard grass and methods of its reduction by liming or the addition of straw or brown coal to soil. In order to determine the content of nickel in the bioavailable fraction, it was isolated from soil by the BCR procedure.
MATERIALS AND METHODS
A two-year pot experiment was conducted in the years 2009-2010. The following factors were taken into account in the design of the experiment conducted in 4 replicates: I -liming (calcium as CaCO 3 ): 0 Ca (pots with no liming), pots with Ca dose according to 1 Hh (hydrolytic acidity) (20g of CaCO 3 was added to the pot); II -addition of organic waste: control (0) -no such materials; pots with an addition of rye straw (at the dose of 4 t ha . The content of nickel was determined in orchard grass biomass (in its aboveground parts) of every crop in the first and second year of the experiment, by the ICP-AES method.
After the cultivation was completed in each year of the experiment, the total nickel content was determined in the soil by the ICP -OES method, as well as its content in the fractions isolated by the 3-step method of sequential fractionation, as proposed by the Community Bureau of Reference (BCR) (Raulet et al. 1999 ) (Tab.1). The experiment results were processed statistically by analysis of variance using the Fisher-Snedecor F distribution, in accordance with the F.R.Anal.var 4.4 program. LSD (0, 05) was calculated by Tukey's test. The analysis of variance was not performed for the content of nickel in the grass biomass in either of the experiment years due to an excessively large number of pots where no crop was harvested (the toxic effect of a large amount of nickel in soil). The mechanism of plant tolerance to the presence of heavy metals in the environment has not been elucidated sufficiently, which is why researchers have been studying the varied resistance of plants to their excessive concentration in soil and plant tissues (Kuziemska 2009 ). The content of nickel in Polish grasses ranges from 0.01 to 19 mg kg -1 , with the average content of 0.84 mg kg -1 DM (Kabata-Pendias and Pendias 1999). The content of nickel in the orchard grass biomass determined in this experiment was as follows: in the first year 5.61-519.7 mg kg -1 DM and in the second year it was 9.37-339.2 mg kg -1 DM. It depended on the liming applied, the addition of organic waste and the content of nickel in soil, and on the year of cultivation (Table 2 and 3) . The results of the first year of the experiment (Table 2 ) are difficult to interpret because of the large number of pots in which nickel content proved toxic and no crop was harvested. The chemical analyses of the plant material showed that liming as well as the addition of straw and brown coal to soil reduced nickel content in orchard grass biomass. A tendency of nickel content in plants to decrease as a result of liming was observed by Domańska (Domańska 2009) . A decrease in the bioavailability of nickel and other heavy metals following the application of organic materials was observed by Gibczyńska and Stankowski (Gibczyńska and Stankowski 2011) . It was found in this experiment that the effect of straw and brown coal on nickel content in the grass under study was particularly noticeable in the pots where liming was applied. The content of nickel in biomass of the test grass increased with its total content in soil and content in the soluble and exchangeable fraction F1 (Table 2 ). An increase in the concentration of nickel was significant after its lowest dose (75 mg Ni kg -1 of soil) was applied, and its highest concentration was found in the plants grown in pots with the highest dose of nickel (225 mg kg -1 soil). A higher content of nickel in the second year of the experiment was found in biomass of the grass harvested in the pots without lime added than with lime added (Table 3 ). The addition of straw and brown coal reduced the content of nickel in orchard grass. Its lowest content was found in the test grass harvested in the pots where brown coal was added. The addition of growing amounts of nickel to the soil significantly increased its content in plants. Moreover, even in pots with the smallest dose of nickel, its content in the grass was higher than in the control pots. The largest amounts of nickel were found in plants in the pots with its largest dose added (225 mg kg -1 of soil). Grass grown in pots where the soil was not limed and where 75 mg Ni kg -1 soil was added contained an average of 4 times as much nickel, and with the dose of 150 mg Ni kg -1 of soil, over 10 times as much nickel as the grass grown in control pots. The amount of nickel in plants in pots with limed soil and an addition of nickel of 75 mg Ni kg -1 was 4 times higher, and with the dose of nickel of 150 mg Ni kg -1 -7.5 times higher, and with the dose of nickel of 225 mg Ni kg -1 -10.3 times higher, compared to the plants grown in pots where no nickel was added. An analysis of the findings from two years of the experiment showed that the addition of nickel to soil had a greater effect on its content in biomass of orchard grass in the first year of the experiment. Liming and the addition of straw and brown coal proved to be a good way of reducing the toxicity of nickel, which was also confirmed in the study of Badora (Badora 2002) .
The largest amount of nickel in soil after the first and second year of the experiment was found in pots where its largest amount was added (225 mg Ni kg -1 ), and the smallest in the soil of the control pots, where no nickel was added (Tables 4 and 6 ).
The statistical analysis did not reveal any clear effect of liming or the application of organic waste on the total content of nickel (sum of its content in fractions) in the soil of different pots in the experiment.
The proportion of nickel of different fractions in its total content was changed by liming and the addition of straw and brown coal (Tables 5 and 7 ). The analyses of soil samples taken after each of the years of the experiment showed that liming reduced the amount of nickel in the soluble and exchangeable fraction F 1 , in the reducible fraction F 2 and oxidisable fraction F 3 , and increased the amount of nickel in the residual fraction F 4 . This confirms the well-known fact that liming is one of the factors which reduces metal mobility (Smolińska and Król 2011) . The addition of organic waste to soil reduced the amount of nickel in the soluble fraction F 1 and increased the amount of nickel in the oxidisable fraction F 3 bound with organic matter and sulphides. Straw and brown coal immobilised nickel in soil by incorporating it in permanent mineral-organic complexes. According to Molas (Molas 2000) , such a reduction of phytoavailability of nickel consists in its incorporation in complexes with low-molecular organic compounds, formed by decomposition of straw or brown coal. No clear effect of the addition of organic waste to soil on the content of nickel in compounds of fraction F 2 (bound with iron and manganese oxides) was demonstrated. An increase in the amount of nickel added to soil was followed by a multiple increase in its content in the bioavailable soluble and exchangeable fraction F 1 and a decrease in fractions F 2 , F 3 and F 4 . The average percentage of total nickel in fractions isolated from the soil to which no additional nickel was added formed the following series of decreasing values: F 4 >F 3 >F 2 >F 1 .
Significant correlations were found to exist between the total content of nickel in soil and its content in fraction F1, in both years of the experiment, for which the correlation coefficients were r = 0.950** (after year I) and r = 0.951** (after year II).
The pot experiment and chemical analyses of the plant material and soil showed that all the factors under study, i.e. liming, organic material -straw and brown coal, as well as variable amount of nickel added to the soil, had a significant effect on nickel content in biomass of orchard grass and in fractions isolated from soil. The addition of nickel to soil increased its amount in orchard grass and in the bioavailable fraction F 1 in soil. Only in pots with no nickel added did the content of nickel in grass not deviate from the average levels for grassy plants in Poland. The content of nickel in the test grass, harvested in pots to which nickel had been added, was even several dozen times higher than the levels considered to be safe (Koszelnik-Leszek and Bielecki 2013). 2. The addition of rye straw and brown coal to the soil reduced the content of nickel in the test grass and content in fraction F 1 .
3. The addition of nickel to soil, regardless of its dose, increased its content in the test plant and in soil, especially in fraction F 1 .
4. The content of nickel in biomass of orchard grass exceeded the limit values in pots where it was added at 75, 150 and 225 mg Ni kg -1 of soil. Application of nickel to the soil at the dose 75 mg kg -1 was toxic to the cocksfoot grass. 5. Liming and addition of rye straw and brown coal to soil reduced the phytoavailability of nickel.
